Most methods used to determine the viscosity and mass density of liquids have two major drawbacks: relatively high sample consumption (∼milliliters) and long measurement time (∼minutes). Resonant nanomechanical cantilevers promise to overcome these limitations. Although sample consumption has already been significantly reduced, the time resolution was rarely addressed to date. We present a method to decrease the time and user interaction required for such measurements. It features (i) a droplet-generating automatic sampler using fluorinated oil to separate microliter sample plugs, (ii) a PDMS-based microfluidic measurement cell containing the resonant microcantilever sensors driven by photothermal excitation, (iii) dual phase-locked loop frequency tracking of a higher-mode resonance to achieve millisecond time resolution, and (iv) signal processing to extract the resonance parameters, namely the eigenfrequency and quality factor. The principle was validated by screening series of 3 L droplets of glycerol solutions separated by fluorinated oil at a rate of ∼6 s per sample. An analytical hydrodynamic model (Van Eysden and Sader, 2007 [6]) and a reduced order model (Heinisch et al., 2014 [16]) were employed to calculate the viscosity and mass density of the sample liquids in a viscosity range of 1-10.5 mPa s and a density range of 998-1154 kg m −3 . (B.A. Bircher), thomas.braun@unibas.ch (T. Braun). Biographies B.A. Bircher received his M.Sc. in nanosciences from the University of Basel in 2010. During his studies he conducted research projects at the London Centre for Nanotechnology (University College London, UK), at the Biozentrum, and at the Institute of Physics (University of Basel, Switzerland), thereby focusing on the development and application of scanning probe and nanomechanical sensing instrumentation. His Ph.D. at the Center for Cellular Imaging and NanoAnalytics (C-CINA, University of Basel, Switzerland) concerned the development of a resonant nanomechanical sensing system, to characterize the properties of chemical and biological samples by means of their fluid properties.
Introduction
The flow behavior of fluids is governed by their viscosity and mass density, making these properties of fundamental importance for many industrial and biological processes. For instance, the fluid properties of a solution can be related to its biomedical condition, including the coagulation properties of blood [1] and the folding state of proteins [2] . Since many biological samples are only available in small quantities, reducing the amount of sample consumed by a viscosity and mass density measurement is an essential requirement. Furthermore, as it is often necessary to characterize large numbers of samples, high-throughput methods are becoming increasingly important.
Resonant structures such as cantilevers, suspended-channels [3] , quartz crystals, doubly clamped beams, and membranes [4] , have all been employed to probe viscosity in small volumes. The use of resonant microcantilevers has the advantage that their interaction with a fluid is already comprehensively described due to their abundant use in atomic force microscopy [5, 6] . Thus, they can be employed to simultaneously measure the viscosity and mass density of fluids in sub-microliter volumes [7] . Proof-of-concept viscosity measurements using microcantilevers have been made in solvents [7] and hydrocarbons [8] ; solutions of sugars [9] , ethanol [10] , polymers [11] and DNA [12] ; and in coagulating blood plasma [1] . Models assuming Newtonian flow behavior were assumed in each case [5, 6] . In resonant microcantilever systems, usually the eigenfrequency and quality factor are extracted from a spectrum, and related to the viscosity and mass density of the surrounding fluid [5, 7] . The time resolution of this method is limited by the time required to acquire a resonance spectrum; usually a few seconds [11] . The demand to increase the throughput, recently led to the development of phase-locked loop (PLL) based methods that allow to sense fluid property changes within milliseconds [13, 14] .
Here, a dual PLL method developed to continuously monitor the eigenfrequencies and quality factors of microcantilevers in liquid with a time resolution of the order of milliseconds is reported. It is an improvement of the method of Goodbread et al. [15] , where different PLL frequencies are successively detected. In the present case, microcantilevers are driven by contact-free photothermal Schematic of the electronic and optical setup. Optical beam deflection system used to detect microcantilever vibration: the beam of a 780 nm diode laser (LDDE; red) sequentially passes an optical isolator (ISO), a beam-splitter (50:50) to monitor the intensity on a photodiode (PDDE), a polarizing beam-splitter (PBS), a quarter-wave retarder ( /4) and a dichroic mirror (DM), and is reflected by a broadband mirror (BM). After focusing by passing through a microscope objective (4×), it is reflected from the microcantilever (in the fluid cell) and coupled onto a position-sensitive detector (PSD) using the polarizing beam-splitter (PBS). A concave lens (L) increases the displacement of the laser on the PSD. A mirror galvanometer (MG) automatically aligns the laser spot on the PSD and an optical filter (OF) blocks interfering light. Photothermal excitation used to drive the microcantilevers: an intensity-modulated 405 nm diode laser (LDEX; violet) is coupled-in using the dichroic mirror (DM). A digital dual phase-locked loop (PLL) is used to detect the cantilever frequencies. The signal from the PSD is fed into the dual PLL consisting of two parallel phase-detectors (PLL-PD), PI controllers (PLL-PI), and oscillators (Osc). The output of the oscillators is mixed and applied to LDEX. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) excitation, allowing phase-locked loop frequency tracking over a range of ∼60 kHz. The method was applied to screen microliter sample droplets for their viscosity and mass density in a two-phase flow configuration, i.e., oil/sample/oil. Two independent models were employed to determine the viscosity and mass density from the eigenfrequency and quality factor: the hydrodynamic model for arbitrary mode numbers by Van Eysden and Sader [6] and the reduced order model by Heinisch et al. [16] .
Materials and methods

Reference solutions
Reference solutions were prepared by weighing and dissolving glycerol (A1123, AppliChem) in nanopure water. The glycerol solutions were characterized with an Anton Paar AMVn viscometer and an Anton Paar DMA 4500M density meter. The reference viscosity and density values are provided in Supplementary data, Section 1.
Electronic and optical setup
The optical and electronic setup employed is described in Ref. [11] . However, certain modifications were necessary to perform the measurements described below (see Fig. 1 ). A Zurich Instruments HF2-PLL was employed to record open-loop spectra using the lock-in amplifiers, to track two frequencies using the dual phaselocked loop (PLL), and to control the laser intensity and position on the position sensitive detector (PSD) using the proportionalintegral (PI) controllers. Open loop spectra were acquired at a lock-in bandwidth between 10 and 100 Hz. The ZI PLL Advisor software was provided with a target bandwidth of around 400 Hz and approximately returned the following parameters, which were used to configure the two PLLs: 4th order (24 dB/oct) phase detector input filter with a time constant ∼20 s (BW ∼3 kHz; PLL-PD) and PLL-PI-feedback gains of P ∼ 10 Hz deg −1 and I ∼ 5 ms (PLL-PI). The intensity modulation amplitude of the excitation laser was 7 mW pp (3.5 mW pp for each sideband frequency). Furthermore, the detection laser position was continuously aligned on the positionsensitive detector (PSD) using a mirror galvanometer (MG in Fig. 1 ; GSV011, Thorlabs) to correct for refractive index changes between the fluorinated oil and the aqueous samples. This proved to be crucial for a stable PLL operation because (i) the laser spot is always incident on the detector, (ii) the PSD works in the linear regime, and (iii) common mode noise rejection is maximal when the differential PSD outputs are balanced. To this end, the position signal on the PSD was amplified (10×, SIM911, SRS), low-pass filtered (f LP = 1 kHz, SIM965, SRS) and fed into a PI loop (P = 0.01, I = 10 s −1 ) that controls the mirror galvanometer. The incident intensity on the PSD was also maintained at a defined setpoint between 330 and 450 W by a second PI loop (P = 10, I = 1000 s −1 ) by adjusting the detection laser current.
Fluidic setup
A schematic of the fluidic setup is shown in Fig. 2 . The main components are the droplet-generating automatic sampler, the fluid cell containing the microcantilever sensors, and a syringe pump to maintain a constant flow rate. The 1 L fluid cell was fabricated according to the protocol in Ref. [11] . However, due to the smaller microcantilever dimensions a channel radius of 400 m was employed, housing three microcantilevers (350/300/250 m long, 35 m wide, 2 m thick; MikroMasch, NSC12/tipless/noAl; see inset in Fig. 2 ) with a 20 nm gold coating [11] . The dimensions of the channel are sufficient to consider the fluid as unbounded and neglect squeeze-film damping effects [17] . The 300 m-long microcantilever was used for all measurements. A PDMS-based solution (Regenabweiser, Stolz GmbH) was used to render the fluid cell more hydrophobic (see Supplementary data, Section 2). It was previously shown that this is crucial to obtain homogeneous droplets and reproducible droplet handling [18] . Hence, the fluidic system was incubated with the PDMS-based solution for >10 min prior to a measurement session and purged with water afterwards. The fluid cell was maintained at a temperature of 20 • C, with a precision of ±0.05 • C.
The droplet-generating automatic sampler is based on the compartment-on-demand platform described in Ref. [19] . As depicted in Fig. 2 , the aqueous samples are confined in openended 200 L vials (AB-1182, ThermoScientific) that are slightly immersed in fluorinated oil (FC-40, Sigma-Aldrich, mass density: 1855 kg m −3 , viscosity: 4.1 mPa s at 25 • C), which has a higher mass density than water (mass density: 998.3 kg m −3 , viscosity: 1.00 mPa s). The head of liquid sample above the oil surface determines the position of the oil-sample interface within the vials. A fused silica capillary with a polyimide coating (TSP-250350, BGB-Analytik) gives access to the sample from below through the FC-40 oil. The z-displacement of the capillary was controlled by a linear stepper motor (UBL23N08B1MZ55, Saia-Burgess) with a nominal step size of 0.041 mm. To address each vial, the disk holding 12 vials was rotated with a rotational stepper motor (UBB23N08RAZ320, Saia-Burgess) connected to a step-down gear with a reduction ratio of 16 2 ⁄3 (UGM16ANN, Saia-Burgess), resulting in 400 steps per revolution. Both stepper motors were driven by SE2 control electronics boards (463666080, Saia-Burgess) controlled by a DAQ card (NI USB-6009, National Instruments). Custom written LabVIEW software and the openBEB [20] framework were used to synchronize the stepper motors and automatize the measurements (see Supplementary data, Section 3, for more information). A KDS900 syringe pump (KD Scientific) equipped with a 2.5 mL glass syringe (1002C, #81460, Hamilton) was employed to maintain a constant flow rate of 1 L/s. The immersion time of the capillary tip in oil, water or aqueous sample was used to control the aspirated volumes. The reservoir of the automatic sampler was filled with ∼15 mL of FC-40 oil. Between 10 and 40 L of sample or water was placed in the vials. 3 L droplets of each sample were sequentially aspirated. In between the samples, 3 L droplets of water were aspirated to rinse the fluid cell and check for unspecific adsorption to the microcantilever, cross-contamination between the droplets, and baseline drift. All aqueous droplets were separated by 3 L of FC-40 oil. The dead volume between the sample vials and the fluid cell was ∼20 L, thus, the time delay after aspirating the first droplet and its arrival in the fluid cell was ∼20 s.
Dual phase-locked loop data analysis
A dual phase-locked loop (PLL) was used to measure the eigenfrequency and quality factor of a microcantilever resonance with a high time resolution. The applied measurement principle is a further development of the gated PLL described by Goodbread et al. [15] . The gated PLL switches between excitation and readout to eliminate crosstalk [12] and the phase setpoint is alternately set to different values allowing the quality factor to be determined. The setup presented here simultaneously tracks two sideband frequencies, f + and f − , at certain phase setpoints, + and − , using a dual PLL (see Fig. 3 ). This is possible because crosstalk between the employed photothermal excitation (405 nm) and optical detection (780 nm) lasers can be suppressed using optical filters. Continuous sideband frequency tracking allowed changes in eigenfrequency and quality factor to be measured with a time resolution only limited by the bandwidth of the PLL [21] , i.e., in the order of a few milliseconds (PLL bandwidth ∼400 Hz).
The employed photothermal excitation introduces a nonlinear phase shift, depending on the position of the excitation laser and the thermal diffusivity of the cantilever and of the surrounding liquid [22] . In a small frequency interval, i.e., a single vibrational mode, the phase shift can be approximated by a linear phase lag, characterized by time constant th [23] . Since the thermal properties of the investigated aqueous solutions were similar and the excitation laser spot position was stable, th was assumed to be constant (for an in-depth discussion see Supplementary data, Section 4). th can be extracted from measured phase spectra by fitting the phase response of a damped harmonic oscillator combined with a phase lag ( Fig. 3 and Ref. [17] ) and has to be considered in the analysis:
with frequency f, eigenfrequency f n and quality factor Q n of mode n, and arbitrary phase offset offset . As a first approximation the thermal time constant th can be neglected, reducing the complexity and allowing f n and Q n to be readily extracted from Eq. (1) by inserting the sideband frequencies f + and f − . Due to symmetry,
and
According to Eq. (1), the setpoints of the two PLL loops, + and − , with a finite thermal time constant, th , are:
where f + and f − are the corresponding measured sideband frequencies; note that the offset offset is included in the setpoints. Once th had been determined from a phase spectrum using Eq. (1) (see Fig. 3 ), a find roots algorithm in Igor Pro (Wavemetrics) was employed to numerically solve this system of equations for f n and Q n .
Results and discussion
Dual phase-locked loop frequency tracking
A dual phase-locked loop (PLL) was employed to measure the eigenfrequency f n and quality factor Q n of a vibrational mode with a high time resolution, i.e., high bandwidth. The third mode of vibration was chosen, as it is more sensitive to viscosity and mass density changes than lower modes [11] and had a sufficiently high amplitude of vibration. Two sideband frequencies adjacent to the eigenfrequency, were measured and converted into the corresponding eigenfrequency f n and quality factor Q n . To determine the required thermal time constant th , a calibration spectrum was recorded in water, by sweeping a range of frequencies around the eigenfrequency, prior to each measurement. A representative phase spectrum with the sideband frequencies indicated is shown in Fig. 3 . The measured time constants of ∼1 s, are within the range of values reported in the literature [23] .
The optimal sideband phase setpoint, with an offset relative to the phase at the eigenfrequency, is not immediately apparent.
Considering that the signal-to-noise ratio and the slope of the phase are both highest at the eigenfrequency (for Q 1; see Fig. 3 ), the selected phase offset should be as small as possible, i.e., both sidebands should be placed in close vicinity to the eigenfrequency. However, the shift in sideband frequency due to a quality factor change is highest for a large phase offset (see Eq. (2b) ). Furthermore, setting the sidebands too close together, results in overlap of the phase detector filters and can disturb the PLL tracking. This also occurs at high quality factors, e.g., in air, due to the narrow width of the resonance peak. Therefore, an optimal position is expected at intermediate phase offsets and was evaluated by measuring f n and Q n in water and altering the phase setpoint. As shown in Fig. 4 , f n has a small systematic offset and deviates from the reference value at higher . In contrast, Q n is determined most accurately using high . At = 0.52 rad (30 • ), both f n and Q n can be determined with good accuracy, thus, all measurements were performed using this offset. The behavior of the sideband frequencies using this phase offset is discussed in Supplementary data, Section 5.
Droplet viscosity screening
Rendering the fluidic system more hydrophobic prior to a measurement with PDMS-based solution (see Section 2) proved to be crucial for reproducible droplet exchange in the fluid cell. Subsequently, the alternating injection of water and aqueous sample droplets was initiated. Fig. 5a shows the measurement of sample droplets containing increasing concentrations of glycerol. The measured sideband frequencies were converted into the corresponding eigenfrequency and quality factor by solving Eqs. (3a) and (3b). The data is not baseline corrected, because it displays excellent stability in water as well as in fluorinated oil. However, after sample droplets with high solute (glycerol) concentrations the subsequent water droplet displays a slight shift, indicating that not all solute was purged from the fluid cell by the oil. This emphasizes the importance for the repeated injection of water droplets to clean the fluid cell. Measurements showing constant baseline shifts or decreased laser intensities were excluded from the analysis. A zoom of the first sample droplet is shown in Fig. 5b . As the droplet moves across the fluid cell, the oil-water interface passes the microcantilever, leading to a transition region of a few 100 ms, where the laser beams are scattered. The PI and PLL controllers, respectively, adjust the laser intensity and laser position on the detector (PSD) and the tracked frequencies, resulting in a new stable value. The difference in eigenfrequency between oil and water is ∼60 kHz and caused primarily by the density variation. In contrast, the quality factor shifts by a value of ∼4, mainly caused by the difference in viscosity. The standard deviation of the measured eigenfrequency and quality factor in water using the dual PLL was on the order of ∼100 Hz (500 ppm) and ∼0.2 (2.4%), respectively. The eigenfrequency noise levels for single PLL measurements (∼100 ppm [14] ) and self-excitation techniques (∼10 ppm [24] ) are lower, however, no information on the quality factor can be deduced. Furthermore, the bandwidth of the PLL used here was ∼400 Hz and allowed to track frequency shifts up to ∼65 kHz. For the given cantilever vibrating in the third flexural mode in water, the above values result in deviations of ∼0.03 mPa s (2.8%) for the viscosity the and ∼3 kg m −3 (0.26%) for the density values [6] .
The following challenges were encountered during the measurements: (i) the reproducibility of the droplet exchange decreased over time, but could be recovered by rinsing the fluid cell with PDMS solution to refresh the surface functionalization. Possibly, other optimized surface passivation strategies might improve the long-term stability of the fluidic system. (ii) PLL bandwidth optimization proved to be crucial. With too large bandwidths, the overlap of the phase-detectors caused the two PLLs to merge. However, narrowing the PLL bandwidth entails a reduced tracking range, i.e., the range the PLL is able to follow changes in frequency, causing the PLLs to rail. The optimal PLL target bandwidth was experimentally determined for each microcantilever sensor prior to a measurement, and was in the order of 400 Hz for the employed third mode of vibration.
Two models were used to determine the viscosity and mass density of droplets containing different glycerol solutions. The hydrodynamic model (HDM) by Van Eysden and Sader [6] and the reduced order model (ROM) by Heinisch et al. [16] . Both relate the measured eigenfrequencies and quality factors to the fluid properties. The HDM requires calibration in one reference fluid (here water, 1.00 mPa s, 998.25 kg m −3 ) to account for variations in the dimensions and mechanical properties of the microcantilevers (see Ref. [11] for details). It provides ab initio knowledge about the behavior of eigenfrequencies and quality factors. In contrast, the ROM is valid for miscellaneous resonator geometries, but requires at least three reference fluids (here water, 1.00 mPa s, 998.3 kg m −3 ; 30% glycerol, 2.46 mPa s, 1072.7 kg m −3 ; and 50% glycerol, 5.84 mPa s, 1125.9 kg m −3 ) to determine the model parameters. It is less complex than the HDM and, thus, computationally less demanding. The fluid properties determined by both models using the respective calibration parameters, are shown in Fig. 6 additional measurement data (Section 8). The deviations observed using the HDM increased at high viscosities and densities, i.e., low quality factors. This is likely due to the fact that the HDM is derived under the assumption of a high quality factor, which is not fulfilled for the present data (Q ∼ 1 to 10). The ROM returns very accurate values within the calibrated range and also extrapolates well to the higher viscosity/density value. However, the accuracy will probably be lower when the viscosity-density behavior of the fluids measured differs from that of the calibration samples, necessitating re-calibration of the ROM parameters. In summary, the HDM provided less accurate results, but is more comprehensive if there is no knowledge about the properties of the measured samples. In contrast, the ROM performs very well after calibration in fluids with a viscosity-density behavior similar to that of the measured samples.
Conclusions
We present a high-throughput method to characterize the viscosity and mass density of microliter-droplets using resonant nanomechanical cantilevers. Separation of sample droplets in a two-phase configuration with fluorinated oil was crucial to avoid dispersion. The challenge to follow changes in the eigenfrequency and quality factor (damping) of a higher-mode resonance with high time resolution was addressed by dual PLL frequency tracking. The time resolution of the detection system was in the range of milliseconds, whereas the throughput was of the order of seconds per sample droplet. The data was analyzed using the hydrodynamic model (HDM) by Van Eysden and Sader [6] and the reduced order model (ROM) by Heinisch et al. [16] . The ROM provided more accurate results, because it was calibrated with three reference fluids. In contrast, the HDM only requires a single calibration point and provides ab initio knowledge on the microcantilever behavior. Future work should address improved fluid cell passivation strategies to reduce cross-contamination problems with strongly adsorbing samples and evaluate the use of different solvents to more efficiently purge the cell between sample droplets. This would allow the throughput, i.e., droplet rate, to be increased. Furthermore, optimized resonator geometries exhibiting higher quality factors could increase the time resolution and measurement precision.
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